O-GlcNAcylation is a dynamic posttranslational modification of proteins with a sugar moiety, in which β-GlcNAc is transferred enzymatically from a UDP-GlcNAc donor, which is generated from glucose through the hexosamine biosynthetic pathway, to the hydroxyl group of serine or threonine residues of proteins ( Fig. 1) . In contrast to classic protein glycosylation, which occurs in the endoplasmic reticulum and Golgi apparatus, and modifies mainly secreted and membrane proteins, O-GlcNAcylation modifies nucleocytoplasmic proteins and resembles protein phosphorylation (3). The enzymes catalyzing the O-GlcNAc cycling, O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA), are expressed in the nucleocytoplasmic compartments (3, 4) . O-GlcNAcylation regulates a variety of vital cellular processes and is itself regulated developmentally in the brain (5) . OGT knockout, which eliminates O-GlcNAcylation, results in embryonic lethality in vertebrates (6, 7) , indicating an essential role of O-GlcNAcylation during early development. Deregulation of O-GlcNAc modification has been linked to several human diseases, including neurodegenerative diseases (8) (9) (10) . Both OGT and OGA are highly expressed in the brain (11) . A recent proteomic study identified 274 O-GlcNAcylated proteins and mapped 458 O-GlcNAc sites in the adult mouse cerebrocortical brain tissue (12) .
By generating null mutants of OGT and OGA in C. elegans models of neurodegenerative proteotoxicity, Wang et al. (2) find that loss of function of OGT alleviates, whereas loss of OGA enhances, the phenotype of transgenic models of tauopathy, β-amyloid peptide, and polyglutamine expansion. These observations are striking, because previous studies showed that down-regulation of brain O-GlcNAcylation, which is seen in AD brain (9) and was expected in the ogt-1 null mutant animals in the study of Wang et al. (2) , facilitates abnormal tau hyperphosphorylation and, consequently, neurofibrillary neurodegeneration (9, 13) . On the other hand, the marked increase of brain O-GlcNAcylation after treatment with thiamet-G, an OGA inhibitor, reduces tau phosphorylation and aggregation in rodents and hinders tau-driven neurodegeneration in a mouse model of tauopathy (8, 10) . Although the overall O-GlcNAcylation level increases markedly in the brain as well as in other organs, the mice or rats treated with thiamet-G do not show any abnormality or phenotype (10, 14) . The observations that Wang et al. (2) report apparently contradict the findings from rodent studies. Furthermore, both the global O-GlcNAcylation level and the tau O-GlcNAcylation level are decreased in AD brain (9) , which is consistent with the decreased brain energy/glucose metabolism in AD, because O-GlcNAcylation also serves as a sensor of intracellular nutrients/glucose metabolism (15) .
Several possibilities may explain the apparent discrepancy between the observations in C. elegans by Wang et al. (2) and in rodent models by others. First, the role of O-GlcNAcylation, including its developmental regulation, might be very different in C. elegans than in vertebrates. Ogt KO results in embryonic lethality in vertebrates (6, 7), whereas C. elegans animals bearing null mutations of ogt-1 are alive and fertile, and appear to have (2) study, the ogt-1 null mutation has no effect on a generic proteotoxicity model (GFP-degron). Thus, the implications of the observations in C. elegans on human neurodegenerative diseases must await similar studies in rodents.
Wang et al. (2) further demonstrate that O-GlcNAc cycling may modify proteotoxicity by regulating proteasome and autophagy activity and by splicing isoforms of daf-16, a known regulator of longevity, stress response, and proteotoxicity, in C. elegans. Because the changes in polyubiquitinated proteins and daf-16 isoforms
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are mild to moderate in the ogt-1 and oga-1 mutants, whether these are indeed the main mechanisms by which O-GlcNAcylation modulates proteotoxicity must be confirmed, especially in vertebrates. However, these studies do provide novel directions for future investigation of the mechanistic role of O-GlcNAc cycling in neurodegeneration.
The role of O-GlcNAc cycling in AD has been implicated recently. Tau phosphorylation was found to be regulated inversely by O-GlcNAcylation, and the O-GlcNAcylation level of brain proteins, including tau, was found to be decreased in AD brain (9, 13) . Inhibition of O-GlcNAcylation or reduction of brain glucose metabolism causes hyperphosphorylation of tau (9, 13, 17) , which leads to the formation of neurofibrillary tangles and neurodegeneration (18) . Treatment with OGA inhibitor decreases tau hyperphosphorylation in rats and inhibits tau aggregate formation and neuronal loss in a mouse model of tauopathy (8, 10, 13) . Amyloid β precursor protein, which gives rise to the amyloid β peptide that forms amyloid plaques, is also modified by O-GlcNAc (19) , and this modification appears to modulate the processing of the precursor protein to form amyloid β peptide (20) . Genetic studies have linked the oga gene to late-onset AD (21) . Furthermore, the majority of neurodegenerative diseases are sporadic and multifactorial, and involve multiple brain signaling pathways. Because O-GlcNAcylation also modulates protein homeostasis and signaling transduction pathways, it can modify the neurodegenerative process by multiple mechanisms (Fig. 1) .
The work of Wang et al. (2) sheds new light into neurodegenerative proteopathies. It is clear now that the homeostasis of O-GlcNAc cycling is critical to, and its dysregulation is involved in, neurodegenerative diseases. To date, there is no satisfactory treatment or cure for neurodegenerative diseases, mainly because the disease mechanisms are largely unknown. O-GlcNAc cycling provides a new target for investigation of these disease mechanisms and for drug development for this family of devastating diseases.
